Lap joining of a pure aluminum plate and a low carbon steel plate was performed using friction stir spot welding. The aluminum plate was placed over the steel plate, a rotating welding tool was inserted into the aluminum plate, and the tip of the tool was dwelled above the aluminum/ steel interface. Dwell time was controlled in the range of 0 to 120 seconds. The microstructure of the welding interface was examined by optical microscopy and scanning electron microscopy. Chemical composition analysis was carried out by energy dispersive X-ray spectroscopy. Welding was achieved for all dwell times. Refined grains were formed by plastic flow in the aluminum matrix close to the welding interface. Intermetallic compound layer was produced along the welding interface. Precise backscattered electron image observation and energy dispersive X-ray spectroscopy analysis revealed that the intermetallic compound layer consisted of an Al 13 Fe 4 phase layer and an Al 5 Fe 2 phase layer. The thickness of the layers increased in proportion to the square root of the dwell time. The parabolic coefficient K was 1:30 Â 10 À14 and 6:06 Â 10 À13 m 2 /s for the Al 13 Fe 4 layer and the Al 5 Fe 2 layer, respectively.
Introduction
The transportation industries are increasingly using aluminum plates because a light-weight material is required to achieve lower CO 2 emissions. A key issue for the development of reliable aluminum plate and steel plate hybrid structures is their welding. Several welding methods, such as diffusion bonding, roll bonding, friction welding, friction stir welding, and magnetic pulse welding have so far been attempted in order to obtain a strong joint. [1] [2] [3] [4] [5] However, sound joints with acceptable strength have not yet been obtained because of the formation of a thick and brittle Al-Fe intermetallic compound (IMC) layer at the welding interface and degradation of strength of the base materials because of additional adverse thermal effects. 6, 7) Therefore, controlling the formation of IMC layers is important for obtain a reliable joint.
Friction stir spot welding is derived from friction stir welding, which is a widely used solid-state welding method for aluminum alloys. 8) This welding method is attracting much interest from the automotive industry as an alternative to the conventional arc spot welding. In case of aluminum/ steel lap joining, the rotating welding tool is plunged into the aluminum plate to the specified depth and it is dwelled at a set time. The welding is completed by withdrawing the tool from the plate. This process is used to weld two materials, and utilizes the plastic flow induced by the inserted rotating tool and friction heat generated between the plate surface and the rotating tool. Since this method is a kind of the solid-state welding, it should be possible to control the thickness of IMC layer.
In the present study, the lap joining of an aluminum plate and a steel plate was performed using friction stir spot welding. The interfacial microstructure of the joint, in particular, the IMC layer produced at the welding interface, was examined. By changing the dwell time, the growth manner of the IMC layer was investigated.
Experimental Procedures

Materials and welding conditions
A commercial purity aluminum (99.50 mass%Al) plate and a low carbon steel (99.82 mass%Fe) plate were used. The dimensions of the plates were 30 mm (length) Â 100 mm (width) Â 1.0 mm (thickness). Figures 1(a) and (b) show optical micrographs of the grain structure of the original plates. The average grain size was 15 mm for the aluminum plate and 20 mm for the steel plate. The plate surfaces subjected to lap welding were mechanically polished using waterproof abrasive paper and then washed with acetone in an ultrasonic cleaner.
Spot welding was carried out using a vertical-type milling machine. The welding tool was made of SKH51 high-speed tool steel, and consisted of a cylindrical shoulder and probe. The shoulder diameter, the probe diameter, and the probe length were 10 mm, 5 mm, and 0.7 mm, respectively. Vertical grooves (depth: 0.2 mm, pitch: 1.0 mm) were introduced to the probe surface. Figure 2 shows a schematic illustration of the present welding method. The aluminum plate was placed on the steel plate, and the lapped specimen was fixed on a cast steel table. Welding was conducted by inserting the rotating welding tool into the aluminum plate. The rotational speed and plunge speed of the tool were 3000 rpm and 6:7 Â 10 À5 m/s, respectively. The plunge depth of the tool was set to 0.8 mm from the aluminum plate surface so that the probe tip was located above 0.2 mm away from the aluminum/steel interface, as shown in Fig. 2 . The dwell time is defined as the length of time that the probe tip is located 0.2 mm above the lapped interface. The dwell time was changed from 0 to 120 s.
Temperature measurements
The temperature generated at the aluminum/steel interface was measured using K-type thermocouples during welding. The tips of the thermocouples were located at the aluminum/ steel interface. The temperature measurements were conducted at both the central position and outer region of the probe, as shown in Fig. 3 .
Evaluation of lap joint strength
The welding strength of the lap joints was examined by cross tension tests. Both the aluminum and steel plates (30 mm Â 100 mm Â 1:0 mm) were cross-overlapped and friction stir spot welding was carried out so that the welding interface was perpendicular to the direction of the tensile load. The cross tension tests were performed at room temperature in air on an Instron-type testing machine with a constant crosshead speed of 1:7 Â 10 À5 m/s.
Microstructural observation
The cross section of the lap joints was polished for microstructural observation of the welding interface. Interfacial microstructure was examined by optical microscopy and field emission scanning electron microscopy (FE-SEM). In order to investigate morphological changes of the grains, the polished surface was chemically etched in solutions. The solutions are HF : H 2 O ¼ 1 : 50 in volume for the aluminum grains and HNO 3 : C 2 H 6 O ¼ 1 : 50 for the steel grains. Chemical composition was analyzed by energy dispersive Xray spectroscopy (EDS) equipped with FE-SEM. Figure 4 shows the relationship between the temperatures generated at the aluminum/steel interface and the welding time. The welding time consists of the plunging time and dwell time. The start of the welding time (t ¼ 0) is defined as the moment when the probe tip comes into contact with surface of the aluminum plate. The temperatures were measured at two positions that are interfaces under the probe and the shoulder, i.e., outer region of the probe. The temperature increased drastically during the plunging time 3.2 Macroscopic appearance and strength of the lap joint The typical macroscopic appearance of the upper surface of the aluminum plate after welding is shown in Fig. 5(a) . A depression in the shape of the probe and the shoulder was formed in the aluminum plate. Burrs were also formed around the depression. Figures 5(b) and (c) show the external appearance of the fracture surface after the cross tension test.
Results
Temperature generated at the interface
For all dwell time tests, part of the aluminum plate having the size of the probe diameter adhered to the steel plate surface. This indicates that fracture did not take place at the welding interface but mainly occurred at periphery of the most thin aluminum plate matrix. This result was common for any dwell time.
Interfacial microstructure of the lap joint
A typical optical micrograph for the cross section of the lap joint welded with a dwell time of 20 s is shown in Fig. 6(a) . The upper part is aluminum and the lower part is steel. The aluminum plate was deformed to trace the tool shape. Welding was achieved at the area under the probe, but not at the area under the shoulder. Figures 6(b) and (c) show optical micrographs of the grain structure of the aluminum matrix and the steel matrix close to the welding interface. The grain size of the aluminum close to the welding interface was smaller than that of the original matrix in Fig. 1 . In contrast, the grain size of the steel close to the welding interface was similar to that of the matrix. It is found that grain refinement due to the stirring of the tool was achieved in the aluminum matrix, but not in the steel. This indicates that plastic flow took place only in the aluminum matrix. Figure 6 (d) shows an optical micrograph of the welding interface. An IMC layer was produced along the welding interface. Formation area of the IMC layer was equivalent to the welded area. This indicates that the circular welded area was formed under the probe.
Figures 7(a) to (c) show backscattered electron images (BEIs, composition images) of the welding interface corresponding to positions A, B, and C in Fig. 6(a) , respectively. The upper dark contrast area is aluminum and the lower bright contrast area is steel. The IMC layer with medium contrast was clearly observed between the aluminum and the steel. The thickness of the IMC layer was fairy consistent throughout the welding interface. Precise BEI observations revealed two different contrasts in the IMC layer. In order to identify the phase of the IMC layer, the chemical composi- Fig. 8(a) . The left-hand area is steel and the right-hand area is aluminum. A result for the lap joint welded with a dwell time of 20 s is shown in Fig. 8(b) . The horizontal and vertical axes indicate the distance and the chemical composition, respectively. The solid and open symbols show the results for Al and Fe elements, respectively. The area between the broken lines corresponds to the IMC layer region. In the area of 0.3 mm and more away from the broken lines, the chemical composition was similar to that of the matrices. On the other hand, the composition ratio of the IMC layer closer to aluminum matrix was Al : Fe ¼ 3 : 1, and near the steel matrix it was Al : Fe ¼ 5 : 2. These composition ratios mean that the double IMC layers at the welding interface consisted of an Al 13 Fe 4 phase layer and an Al 5 Fe 2 phase layer.
Effect of dwell time on thickness of IMC layer
In order to investigate the growth manner of the IMC layer produced at the welding interface, the dwell time of the tool was changed from 0 to 120 s. Figure 9 shows the relationship between the welded area and the dwell time. The vertical axis shows diameter of the welded area since it was circular form. The diameter of the welded area increased slightly with increasing the dwell time. The thickness of the IMC layer also increased with increasing the dwell time, as shown in Fig. 10 . As mentioned in Section 3.3, the Al 13 Fe 4 layer and the Al 5 Fe 2 layer are produced at the welding interface for all dwell times. From the cross-sectional BEIs, the average thickness of the each layer was evaluated by the following equation:
where y is the thickness of the IMC layer, A is the total area of the IMC layer, and D is the diameter of the welded area. This equation assumes that an IMC layer of constant thickness is produced throughout the welding interface. For all dwell times, y was estimated from eq. (1) Fig. 11 . In this figure, the vertical axis shows the layer thickness and the horizontal axis shows the square root of the dwell time. The thickness of the IMC layer increased in proportion to the square root of the dwell time.
(c) (b) (a) Fig. 7 BEIs of the welding interface which correspond to the positions in Fig. 6(a). (a) A, (b 1 Formation of the double IMC layer at the welding interface In the present welding condition, the IMC layer was produced along the welding interface for all dwell times, as shown in Fig. 10 . Precise BEI observation and SEM-EDS analysis revealed that the IMC layer at the welding interface consisted of an Al 13 Fe 4 phase layer adhering to the aluminum and an Al 5 Fe 2 phase layer adhering to the steel. According to the equilibrium phase diagram for a binary Al-Fe system, 9) Al 13 Fe 4 , Al 5 Fe 2 , Al 2 Fe, FeAl, and Fe 3 Al phases could all appear as stable IMCs at an interfacial temperature of 750 K. However, Al 2 Fe, FeAl, and Fe 3 Al phases were not observed in the welded joints at any of the dwell times in the present study. Shibata investigated the IMC layer produced at diffusion bonded aluminum/iron interface at a temperature range from 878 to 913 K.
10) The main IMC layer was found to consist of an Al 5 Fe 2 phase. Naoi investigated the solid-state reaction between pure aluminum and pure iron at a temperature range from 823 to 913 K using the equilibrium diffusion bonding technique. 11) They detected only the Al 5 Fe 2 phase layer at the interface in the diffusion couples. However, they concluded that Al 2 Fe, FeAl, and Fe 3 Al phases could not grow Yamamoto examined the IMC layer produced at the pure aluminum/mild steel interface by friction welding, and observed only the Al 5 Fe 2 phase. 12) Recently, Tanaka revealed that an extremely thin amorphous layer of Al, Fe, and O was produced at a friction stir spot welded aluminum alloy/steel interface. 13) Chen reported that only an Al 3 Fe phase layer was produced along the welding interface of a friction stir spot welded aluminum alloy/steel joint. 14) These experimental results indicate that the formation manner of the IMC phase is strongly affected by aspects of the welding process such as plastic flow, plastic deformation of the matrices close to the welding interface, and heating and cooling rates.
As mentioned above, Al-rich IMC phases such as Al 13 Fe 4 , Al 5 Fe 2 , and Al 2 Fe are produced at the solid-state welded aluminum/steel interface. In the present study, Al 13 Fe 4 and Al 5 Fe 2 phases were produced along the welding interface, as shown in Fig. 8 . This is considered to be because of a difference in solid-state diffusion coefficients.
15) The diffusion coefficient of iron into aluminum is 0 at temperatures up to about 673 K but it is much larger at temperatures greater than 673 K. In contrast, the diffusion coefficient of aluminum into iron is 0 at temperatures up to 1073 K. Therefore, diffusion of iron into aluminum takes place at temperatures below the melting point of aluminum (933 K), and diffusion of aluminum into iron does not take place. Consequently, Alrich IMC phases are considered to be produced at the welding interface during solid-state joining.
It is known that oxide films on the surface of the aluminum plate prevent atomic diffusion. 16, 17) In case of equilibrium diffusion bonding, welding requires a long period of annealing at high temperatures. However, we achieved friction stir spot welding with a dwell time of 0 s. This means that the oxide film on the aluminum plate surface was broken by the plastic flow during the plunging process. In the present study, grain refinement was observed at the aluminum matrix close to the welding interface, as shown in Fig. 6(c) . This indicates that plastic flow took place in the aluminum matrix close to the welding interface. These results show that the oxide film on the aluminum plate surface does not influence weldability and formation of the IMC layer.
Growth manner of the IMC layer during dwell time
The IMC layer was produced along the welding interface for all dwell times. The thickness of the IMC layer increased in proportion to the square root of the dwell time, as shown in Fig. 11 .
When a new reaction phase is formed by diffusion between different metals or phases, the following equation has been proposed for the thickness of the new reaction phase, y, as a function of diffusion time, t. 18, 19) y ¼ ðKtÞ
1=2 ð2Þ
Here, K is the parabolic coefficient, which represents the growth rate of the reaction phase. According to this equation, the thickness of the reaction phase is proportional to the square root of diffusion time. In this welding process, the dwell time of the tool is equivalent to the diffusion time because an isothermal reaction takes place during the dwell time (Fig. 4) . Therefore, it can be concluded that the growth of the IMC layer is diffusion-controlled.
The thickness of the Al 13 Fe 4 layer and the Al 5 Fe 2 layer also increased proportionally to the square root of the dwell time, as shown in Fig. 11 . However, the growth rate was behaved differently. From the plotted points in Fig. 11 À13 m 2 /s at solid-state temperature range, showing that there is no agreement of the value of K in the reported data so far. The present K value was higher than that of the solidstate diffusion couple, although it was lower than that of a liquid-aluminum/solid-iron joint. Jindalet al. 21) Tanaka et al. 22) Bouayad et al. 20) Temperature, T / K Parabolic coefficient, K / m 2 /s Fig. 12 Relationship between the temperature and value of parabolic coefficient, K.
In the present welding method, the aluminum matrix is continuously stirred by a rotating welding tool, which achieves grain refinement. Evidence of the grain refinement of the aluminum was obtained in the aluminum matrix close to the welding interface, as shown in Fig. 6(c) . This means that plastic flow takes place in the aluminum matrix close to the welding interface. The plastic flow results in crystal defects such as grain boundaries, dislocations, and vacancies. The crystal defects can enhance the atomic diffusion, like pipe diffusion mechanism. 23, 24) The present enhanced diffusion is considered to be due to existence of the defect structure formed along the welding interface.
Conclusions
Lap joining of an aluminum plate and a steel plate was carried out using friction stir spot welding. The rotating tool was inserted into the aluminum plate placed on the steel plate, and the tip of the tool was held 0.2 mm above the aluminum/steel interface for a specified dwell time. The growth manner of the IMC layer produced along the welding interface was investigated by changing the dwell time. The results are summarized as follows.
(1) The temperature at the aluminum/steel interface increased drastically during plunging of the tool and was constant during the dwell time. For the central position of the probe corresponding to the welded area, the maximum temperature was 750 K. (2) Grain refinement due to the stirring of the tool was achieved in the aluminum matrix but not in the steel matrix, indicating that plastic flow took place only in the aluminum matrix. (3) Double IMC layers, which consisted of an Al 13 Fe 4 phase layer adhering to the aluminum and an Al 5 Fe 2 phase layer adhering to the steel were produced along the welding interface at all dwell times. 
